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[11 The contribution of atmospheric wind and surface pressure and oceanic current and
bottom pressure variations during 1949—-2002 to exciting changes in the Earth’s
orientation on decadal timescales is investigated using an atmospheric angular momentum
series computed from the National Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) reanalysis project and an oceanic angular
momentum series computed from a near-global ocean model that was forced by surface
fluxes from the NCEP/NCAR reanalysis project. Not surprisingly, since decadal-scale
variations in the length of day are caused mainly by interactions between the mantle and

core, the effect of the atmosphere and oceans is found to be only about 14% of that
observed. More surprisingly, it is found that the effect of atmospheric and oceanic
processes on decadal-scale changes in polar motion is also only about 20% (x component)
and 38% (y component) of that observed. Therefore redistribution of mass within the
atmosphere and oceans does not appear to be the main cause of the Markowitz wobble. It
is also found that on timescales between 10 days and 4 years the atmospheric and
oceanic angular momentum series used here have very little skill in explaining Earth
orientation variations before the mid to late 1970s. This is attributed to errors in both the
Earth orientation observations prior to 1976 when measurements from the accurate
space-geodetic techniques became available and to errors in the modeled atmospheric
fields prior to 1979 when the satellite era of global weather observing systems began.
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1. Introduction

[2] The Earth’s orientation, encompassing both the rate of
rotation, or equivalently, the length of the day, as well as the
position of the rotation pole with respect to the Earth’s crust
and mantle, changes on all observable timescales, from
subdaily to decadal and longer. The wide range of time-
scales on which the Earth’s orientation changes reflects the
wide range of processes affecting it, from external tidal
forces, to surficial processes involving the atmosphere,
oceans, and hydrosphere, to internal processes acting both
at the core-mantle boundary as well as within the solid Earth
itself. Tidal effects are the main cause of subdaily Earth
orientation variations [Chao et al., 1996] and have a major
influence on the length of day at longer periods [Yoder et
al., 1981; Defraigne and Smits, 1999], but have only a
minor influence on polar motion at longer periods [Gross et
al., 1996, 1997]. Changes in the strength and direction of
atmospheric winds are the main cause of nontidal length-of-
day variations on timescales of a few days to a few years
[e.g., Rosen, 1993] and also contribute to polar motion
variations on these timescales [Gross et al., 2003]. Atmo-
spheric surface and ocean bottom pressure fluctuations,
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while having only a minor influence on length-of-day
variations on timescales of a few days to a few years, are
the major cause of polar motion variations on these time-
scales [Gross et al., 2003]. While processes acting between
the core and mantle are thought to be the predominant
source of decadal length-of-day variations [e.g., Ponsar et
al., 2003], decadal polar motion variations are still of
unknown origin.

[3] Analyzing variation of latitude measurements taken
under the auspices of the International Latitude Service
(ILS) during 1900—1959, Markowitz [1960, 1961] deduced
that at long periods the motion of the rotation pole with
respect to the Earth’s crust and mantle includes a periodic
component superimposed on a linear drift. The periodic
component, now known as the Markowitz wobble in his
honor, was found to have a period of 24 years and an
amplitude of 22 milliarc seconds (mas), while the linear
drift was found to be 3.2 mas/year along the 60°W merid-
ian, remarkably close to recent determinations of 3.5 mas/
year along the 79°W meridian [Gross and Vondrdk, 1999,
and references therein]. The linear drift in the pole path is
known to be primarily caused by glacial isostatic adjust-
ment [e.g., Vermeersen et al., 1997; Mitrovica and Milne,
1998], although other processes such as mantle convection
[Steinberger and O’Connell, 1997] and secular changes in
ice sheet mass accompanied by a secular change in sea
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level [e.g., Trupin, 1993; James and Ivins, 1997] will also
contribute to the observed trend in the pole path.

[4] In recent re-reductions of the ILS and other optical
astrometric measurements, which extend more than three
decades past those analyzed by Markowitz [1960, 1961],
rather than appearing as a strictly periodic phenomenon of
well-defined frequency, the Markowitz wobble now appears
as quasiperiodic variations in the pole path on decadal
timescales having amplitudes of about 30 mas [Gross and
Vondrdk, 1999]. The cause of these decadal-scale variations
in polar motion is currently unknown. The purpose of this
study is to assess the degree to which redistribution of mass
within the atmosphere and oceans can account for the
observed decadal polar motion variations.

[s] A number of recent studies have used climate models
to investigate the effects of the atmosphere and oceans on
decadal polar motion variations. Celaya et al. [1999] used a
120-year record from the coupled atmosphere-ocean-land
climate system model (CSM-1) of the National Center for
Atmospheric Research (NCAR) to investigate whether or
not climatic variations have enough power to excite the
Markowitz wobble. They found that the atmospheric com-
ponent of CSM-1 excites decadal polar motion variations
that are 4 to 7 times smaller than that observed, while the
variations excited by the oceanic component are about a
factor of 2 smaller than that observed. Intriguingly, they also
found that changes in Antarctic snowpack as modeled by
the land component of CSM-1 are capable of inducing
decadal polar motion variations of nearly the same ampli-
tude as that observed. However, the period and polarization
of the decadal polar motions induced by CSM-1 do not
agree with those observed.

[6] Ponte et al. [2002] used a 240-year record from the
Hadley Centre coupled climate model (HadCM?2) to study
oceanic excitation of decadal polar motions, finding
variations having timescales of 20—30 years, similar to
those observed, but having amplitudes that are about a
factor of 4 smaller than those observed, and disagreeing in
polarization. They also found oceanic excitation of decadal
length-of-day wvariations to have amplitudes less than
0.1 milliseconds (ms).

[7] de Viron et al. [2004] used a 130-year record from a
general circulation model of the atmosphere from the
Hadley Centre that was forced by sea surface temperature
and global ice conditions to study atmospheric excitation of
decadal length-of-day and polar motion variations. For the
length of day, they found significant coherence with the
observed variations in the 9—12 year and 13—-23 year period
bands, but amplitudes that are 4 to 5 times smaller than
those observed. For polar motion, they found only a very
small effect of the atmosphere on variations that have
periods greater than 10 years.

[s] Climate models such as those used by Celaya et al.
[1999] and Ponte et al. [2002] capture contemporary
climatic conditions and hence can be used to study con-
temporary climatic variability in the atmosphere-ocean
system and to predict the effects of such variability on the
Earth’s rotation. However, unlike weather prediction mod-
els, climate models do not represent the state of the
atmosphere and oceans at any given epoch, and hence can
be used to study climatic variability in the atmosphere-
ocean system in a statistical sense only. Data assimilating
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weather prediction models, such as the operational model of
the National Centers for Environmental Prediction (NCEP)
or the NCEP/NCAR reanalysis model, do represent the state
of the atmosphere at specific epochs and hence can be used
to study atmospheric excitation of Earth orientation varia-
tions during a specific time interval. When the products of
such atmospheric models are used to force ocean models,
oceanic excitation during the same time interval can also be
studied. Brzezinski et al. [2002, 2005] have used this
approach to study atmospheric and oceanic excitation of
polar motion on interannual to decadal timescales during
1950—1999 using atmospheric results from the NCEP/
NCAR reanalysis system and oceanic results from the
Simple Ocean Data Assimilation (SODA) system of Carton
et al. [2000], finding that atmospheric and oceanic excita-
tion cannot explain the observed long-period polar motion
excitation variations.

[¢] Here, atmospheric and oceanic excitation of decadal-
scale Earth orientation variations during 1949-2002 is
studied using an atmospheric angular momentum series
computed from the NCEP/NCAR reanalysis system and
an oceanic angular momentum series computed from a near-
global ocean model forced by surface fluxes from the
NCEP/NCAR reanalysis system. While the emphasis of
this study is on atmospheric and oceanic excitation of the
Markowitz wobble during 1949—-2002, the contribution of
atmospheric and oceanic processes to exciting decadal
length-of-day variations during this time period will also
be investigated.

2. Earth Orientation Variations

[10] The rotation of the solid Earth changes in response
to both the action of torques acting on the solid Earth and
to changes in the mass distribution of the solid Earth.
Observed changes in the Earth’s rotation can be studied
using the principle of conservation of angular momentum,
which in a rotating, body-fixed terrestrial reference frame
is given by:

oL
E%»wa—‘l‘ (1)

where w is the Earth’s rotation vector, L is its angular
momentum vector, and T are the torques acting on the
Earth. In general, the angular momentum vector L(¢) can be
written as the sum of a term h(#) due to motion relative to
the rotating reference frame and of a term that includes
changes in the inertia tensor I(f) of the body caused by
changes in the distribution of mass:
L=I|:-w+h (2)
[11] The Earth’s rotation deviates only slightly from a
state of uniform rotation, the deviation being a few parts in
10% in speed, corresponding to changes of a few milli-
seconds in the length of the day, and about a part in 10° in
the orientation of the rotation axis relative to the crust of the
Earth, corresponding to a variation of several hundred
milliarc seconds in polar motion. Such small deviations in
rotation can be studied by linearizing equations (1) and (2).
Let the Earth initially be uniformly rotating at the rate 2
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about its figure axis and orient the rotating, body-fixed
terrestrial reference frame so that its z axis is aligned with
the figure axis. Under a small perturbation to this initial
state, the relative angular momentum h will be perturbed to
h + Ah, the inertia tensor | will be perturbed to | + Al, and
the angular velocity vector w will be perturbed to w + Aw,
where

W+ Aw = Q [m(1),m (D)1 + m.()] " 3)

where the initial rate of rotation (2 is taken to be the mean
angular velocity of the Earth (7.292115 x 107 rad/s) and
the Qm; are the elements of the perturbation Aw to the
rotation vector. Keeping terms to first order in perturbed
quantities, and considering excitation mechanisms such as
atmospheric surface and oceanic bottom pressure variations
that load the solid Earth at its surface causing it to deform,
the axial and equatorial components of equation (1) can be
written in the absence of external torques as [e.g., Munk and
MacDonald, 1960; Wahr, 1982; Barnes et al., 1983;
Eubanks, 1993; Dickman, 2003]

AA(1) = % [Ah(2) + 0.756QAL(1)] (4)
m() + - 0 ) - & XD )

where the change AA(?) in the length of the day is related
to mA(t) by AA(¢)/A, = —m.(t), A, is the nominal length of
day of 86,400 s, C,, is the polar moment of inertia of the
Earth’s crust and mantle (7.1242 x 10°” kg m?), the factor
of 0.756 accounts for the yielding of the crust and mantle
due to the imposed surface loads, m(t) = m(f) + i m,(?),
where m(f) and m,(f) are the direction cosines of the
Earth’s rotation axis relative to the axes of the rotating,
body-fixed reference frame (see equation (3)), and o, =
2n/T,(1 + i/2Q,) is the complex-valued frequency of the
Chandler wobble that has a period of 7, and a resonance
quality factor of Q,,. In the absence of external torques, the
X (¢) in equation (5), known as the polar motion excitation
functions, are functions of changes in relative angular
momentum and of changes in the Earth’s inertia tensor
[Wahr, 1982]:

1.61
Q(C—4A)

x(t) = (6)

{Ah(t) L c(’)]

1.44

where Ah(f) = Ah(?) + i Ahy(f) with Ah() and A7)
being the x and y components, respectively, of the
perturbation to the relative angular momentum, ¢(f) =
Al.(t) + i Al.(1) with Al_(r) and Al.(f) being the
perturbation to the two indicated elements of the Earth’s
inertia tensor, C and 4 are the greatest and least, respectively,
principal moments of inertia of the Earth with C—A being
2.61 x 10°° kg m?, the factor of 1.44 accounts for the
yielding of the solid Earth due to the imposed surface loads,
and the factor of 1.61 includes the effect of core decoupling.

[12] Equations (5) and (6) relate changes in equatorial
angular momentum to changes in the location of the Earth’s
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rotation pole. However, observations of the Earth’s rotation,
as reported by Earth rotation services, do not give the
location of the Earth’s rotation pole but rather give the
location of the celestial intermediate pole within the rotat-
ing, body-fixed terrestrial reference frame [Brzezinski, 1992;
Gross, 1992]. Writing equation (5) in terms of the reported
polar motion parameters yields:

i dp(?)
o, dt

p(t) + =x(?) (7)

where p(t) = p(t) — i p,(t) with p(f) and p,(¥) being the x
and y components, respectively, of the reported location of
the celestial intermediate pole within the terrestrial reference
frame with, by convention, p,(f) being positive toward
90°W longitude. Note that at frequencies much less than €2,
the right-hand side of equation (5) becomes the same as that
of equation (7), so the motion of the celestial intermediate
pole is the same as that of the rotation pole at low
frequencies.

[13] Assuming a time dependence of e
be written in the frequency domain as:

! equation (7) can

Oo

P(w) = X(w) (®)

Op— W

At frequencies much less than the Chandler frequency, such
that w < Re(o,), equation (8) reduces to P(w) = x(w),
showing that the low-frequency motion of the celestial
intermediate pole P(w) is the same as the low-frequency
motion of the excitation pole x(w). By similar reasoning
applied to equation (5), the low-frequency motion of the
rotation pole M(w) can also be shown to be the same as that
of the excitation pole. Thus, at sufficiently low frequencies,
the celestial intermediate pole, the rotation pole, and the
excitation pole all have the same motion.

[14] In this study, equations (4) and (7) will be used to
compare observed decadal length-of-day and polar motion
excitation variations, respectively, with modeled variations
computed using the products of atmospheric and oceanic
general circulation models. Observed polar motion excita-
tion functions will be computed from polar motion obser-
vations p(¢) using equation (7). Modeled length-of-day and
polar motion excitation variations will be computed from
modeled changes in the angular momentum of atmospheric
winds and surface pressure and oceanic currents and bottom
pressure. The relative importance of these processes to
exciting decadal Earth orientation variations will then be
assessed by comparing the modeled with the observed
variations in both the time and frequency domains.

3. Data Sets
3.1. Observed Earth Orientation Variations

[15] The observed polar motion excitation and length-of-
day (LOD) series used in this study are those derived from
an extended version of the COMB2002 Earth orientation
series [Gross, 2003]. COMB2002 is a combination of Earth
orientation measurements taken by the techniques of optical
astrometry, lunar and satellite laser ranging, very long
baseline interferometry, and the global positioning system.
Besides estimating Universal Time (UT1) and polar motion,
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Figure 1. Extended COMB2002 series of observed (a, b)
polar motion excitation and (c) length-of-day variations
from which tidal effects have been removed (black). The
decadal-scale variations in these series, obtained by
applying to them a low-pass filter with a cutoff period of
6 years, are shown in red. The mean and trend have not

been removed from the displayed series.

the Kalman filter used to combine the measurements also
self-consistently estimates their time rates of change
[Gross et al., 1998] and hence the length-of-day and polar
motion excitation functions. The COMB2002 length-of-
day and polar motion excitation series span 20 January
1962 to 11 January 2003 at daily intervals.

[16] In order to match the time span of the atmospheric
and oceanic angular momentum series, which begin in 1948
and 1949, respectively (see below), the COMB2002 length-
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of-day and polar motion excitation series were extended
back to 1948 using the Hipparcos optical astrometric Earth
orientation series [Vondrak et al., 1998]. The final Hip-
parcos star catalog was used by Vondrdk et al. [1998] to
re-reduce all available optical astrometric measurements of
star positions taken since 1900 using modern standards
and data reduction methods. The resulting Hipparcos Earth
orientation series consists of polar motion values spanning
1900—1991 at 5-day intervals, with UT1 values being
given since the introduction of atomic clocks in 1956.

[17] Prior to using the Hipparcos Earth orientation series
to extend COMB2002 back to 1948, corrections to its bias,
rate, annual component, and stated uncertainties were ap-
plied in order to make it consistent with COMB2002. These
corrections to the Hipparcos series were determined by
procedures similar to those used to correct the Bureau
International de 1’Heure (BIH) optical astrometric series
used in COMB2002 [Gross, 2003]. After adjustment, the
independent portion of the Hipparcos optical astrometric
series was combined with COMB2002 to obtain the ex-
tended COMB2002 Earth orientation series whose polar
motion excitation values span 1 January 1948 to 11 January
2003 at daily intervals, with the length-of-day values being
given since 19 January 1956.

[18] Tidal effects have been removed from the extended
COMB2002 length-of-day values using the model of
Yoder et al. [1981] for the long-period solid Earth tides
and the model of Kantha et al. [1998] for the long-period
ocean tides; the empirical model of Gross et al. [1997]
was used to remove the effect of the termensual (9.12- and
9.13-day), fortnightly (13.63- and 13.66-day), and monthly
(27.55-day) ocean tides from the extended COMB2002
polar motion excitation values. In order to match the
temporal resolution of the oceanic angular momentum
series (see below), 10-day averages of the daily extended
COMB2002 polar motion excitation and LOD series were
formed by summing 11 consecutive values using weights
of 1/20, 1/10, ..., 1/10, 1/20. The resulting observed
10-day-averaged nontidal polar motion excitation and
length-of-day series are shown as the black curves in
Figure 1 with the red curves showing the decadal varia-
tions that were obtained by applying to the series a low-
pass filter having a cutoff period of 6 years.

3.2. Atmospheric Angular Momentum

[19] The atmospheric angular momentum (AAM) series
used in this study is that derived from the NCEP/NCAR
reanalysis project [Kalnay et al., 1996] and was obtained
from the International Earth Rotation and Reference Sys-
tems Service (IERS) Special Bureau for the Atmosphere
(SBA [Salstein et al., 1993]). Both the angular momentum
due to winds, computed by integrating the horizontal winds
from the surface to the top of the model at 10 hPa [Salstein
and Rosen, 1997], and the angular momentum due to
surface pressure variations, computed by assuming that
the oceans respond as an inverted barometer to the imposed
surface pressure variations, were used here. The NCEP/
NCAR reanalysis AAM series available from the [IERS SBA
spans 1 January 1948 to the present at 6-hour intervals. Daily
averages of the 6-hour values were first formed by summing
5 consecutive values using weights of 1/8, 1/4, 1/4, 1/4, 1/8.
In order to match the temporal resolution of the oceanic
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Figure 2. Modeled (a, b, d, e) polar motion excitation and (c, f) length-of-day variations caused by
changes in atmospheric winds (Figures 2a, 2b, and 2c) and surface pressure (Figures 2d, 2e, and 2f)
during 1949-2002 from the NCEP/NCAR reanalysis project (black). Decadal-scale variations in these
series, obtained by applying to them a low-pass filter with a cutoff period of 6 years, are shown in red.
The excitation associated with atmospheric surface pressure variations has been computed by assuming
that the oceans respond as an inverted barometer to the imposed surface pressure variations. The mean,
but not the trend, has been removed from the displayed series. Note the different scales of Figures 2¢

and 2f.

angular momentum series (see below), 10-day averages of
the daily AAM series were then formed by summing
11 consecutive values using weights of 1/20, 1/10,

1/10, 1/20. The resulting 10-day-averaged AAM series,
which have been converted to equivalent length-of-day
and polar motion excitation functions, are shown as the
black curves in Figure 2 with the red curves showing the
decadal variations that were obtained by applying to
the series a low-pass filter having a cutoff period of 6 years.

3.3. Oceanic Angular Momentum

[20] The oceanic angular momentum (OAM) series used
in this study has been computed here from the results of a
simulation of the general circulation of the oceans done at

JPL as part of their participation in the Estimating the
Circulation and Climate of the Ocean (ECCO) consortium
[Stammer et al., 2002]. The ocean model used in this
simulation is based on the MIT ocean general circulation
model (MITgem) [Marshall et al., 1997a, 1997b] and has
realistic boundaries and bottom topography, 46 vertical
levels ranging in thickness from 10 m at the surface to
400 m at depth using height as the vertical coordinate, and
spans the globe between 78°S to 80°N latitude with a
latitudinal grid spacing ranging from 1/3° at the equator
to 1° at high latitudes and a longitudinal grid spacing of 1°.
The simulation is initialized with mean January temperature
and salinity distributions from the World Ocean Database
1998 (WOD98) [Conkright et al., 1999] and is spun-up
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from rest for 20 years using repeated 1949 surface fluxes
from the NCEP/NCAR reanalysis project (twice daily wind
stress and daily surface heat flux and evaporation-precipi-
tation fields). The model is subsequently forced with 1949—
2002 surface fluxes from the NCEP/NCAR reanalysis
project. In addition to NCEP/NCAR surface fluxes, time-
mean river runoff is prescribed as by Stammer et al. [2004],
model surface temperature is relaxed to daily sea surface
temperature from the NCEP/NCAR reanalysis with a relax-
ation period of 30 days, and model surface salinity is
relaxed to monthly WOD98 sea surface salinity with a
relaxation period of 45 days.

[21] The simulation employs the K-Profile Parameteriza-
tion (KPP) vertical mixing scheme of Large et al. [1994]
and the isopycnal mixing schemes of Redi [1982] and of
Gent and McWilliams [1990] with surface tapering as per
Large et al. [1997]. Laplacian diffusion and friction are used
except for horizontal friction, which is biharmonic. Lateral
boundary conditions are closed. No-slip bottom, free-slip
lateral, and implicit free surface boundary conditions are
employed. Surface freshwater fluxes, including the evapo-
ration-precipitation fields and time-mean river runoff, are
applied as virtual salt fluxes in which the model’s surface
salinity is modified in accordance to the freshwater forcing
as opposed to changing the model’s freshwater volume.
Because the ocean model is integrated in a volume-preserv-
ing configuration (Boussinesq approximation), virtual salt
fluxes cause artificial mass variations that are subsequently
removed (see below) using the method of Greatbatch
[1994]. Empirical mixing coefficients follow those of
Menemenlis et al. [2005]: isopycnal diffusivity and isopyc-
nal thickness diffusivity is 750 m*/s, horizontal viscosity is
10'* m%/s, background vertical diffusivity and viscosity are
1.5 x 107> m?/s and 1.8 x 107> m?%/s, respectively, the
critical bulk Richardson number, which sets boundary layer
depth, is Ri. = 0.354, and the threshold gradient Richardson
number, which controls shear instability vertical mixing, is
Rip = 0.699.

[22] A novel aspect of the ocean model as configured for
this simulation is that the bottom cells have been lopped
[Adcroft et al., 1997]. With lopped cells, instead of restrict-
ing steps in bottom topography to be one of the 46 vertical
steps, partial steps are allowed. In this simulation, cells are
lopped by up to 70% provided the residual thickness is
greater than 50 m. Partial steps represent the bottom
topography better and hence improves the accuracy of the
modeled ocean bottom pressure variations and thus the
accuracy of the angular momentum due to bottom pressure
variations.

[23] Atmospheric surface pressure was not used to force
the ocean model. At periods greater than a few days, and
certainly on the decadal timescales of interest in this study,
the predominant response of the oceans to surface pressure
forcing is a simple static response like that of an inverted
barometer [Wunsch and Stammer, 1997]. The static re-
sponse of the oceans to changes in atmospheric surface
pressure has been taken into account here during the
computation of the atmospheric angular momentum (see
section 3.2).

[24] Since the configuration of the MITgem used in this
study uses the Boussinesq approximation [Marshall et al.,
1997a, 1997b], it conserves volume rather than mass.
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Artificial mass variations can be introduced into Boussinesq
models because of the applied surface heat and salt fluxes.
For example, the changing applied heat flux will change the
density, which, since volume is conserved, will artificially
change the mass of the modeled oceans. If left uncorrected,
this artificial mass change will cause artificial changes to the
ocean bottom pressure and hence to the angular momentum
associated with ocean bottom pressure variations. Following
the suggestion of Greatbatch [1994], mass conservation has
been enforced here by adding to the sea surface a spatially
uniform layer of just the right fluctuating thickness. The
angular momentum associated with ocean bottom pressure
variations has been corrected for the effects of artificial
mass variations in the MITgem by computing the effect on
the angular momentum of this spatially uniform mass-
conserving layer.

[25] The angular momentum carried by oceanic currents
was computed here by integrating the zonal u(r, 7) and
meridional v(r, #) currents throughout the volume V¥, of the
modeled oceans:

Le(t) = — /V o(r, )r[sin du(r, £) + iv(r, ]V (9)

Lo(t) = /V o(r, 1) r cos ou(r, dV (10)

where Le(f) = L (f) + i L (f) with L. (1), L (), and L, .(¥)
being the x, y, and z components, respectively, of the
angular momentum due to currents, ¢ is north latitude, X is
east longitude, and p(r, #) is the density of some mass
element located at position r. The angular momentum due to
changes in the mass distribution of the oceans, or,
equivalently, due to changes in ocean bottom pressure,
was computed here by integrating the time-dependent
density field throughout the volume of the modeled oceans:

Ly(t) = —Q/V p(r,)r? sind cos de™dV (11)

L, .(t) = Q/;/ o(r, )r? cos® dpdV (12)

where Ly(t) = L, (f) + i L,,(1) with L,(1), L, (1),
and L, .(f) being the x, y, and z components, respectively,
of the angular momentum due to mass redistribution. When
using equations (9)—(12) to calculate the OAM, the effects
of enforcing mass conservation and of changes in sea
surface height were both included.

[26] The axial components of the modeled oceanic
angular momentum values were converted to equivalent
length-of-day variations using equation (4) with Ak, (f) =
L. .(t) and with QAL.() = L, .(t); the equatorial components
were converted to equivalent polar motion excitation func-
tions using equation (6) with Ah(¢) = L.(¢) and Qc(?) =
Ly(#). The resulting modeled oceanic excitation functions,
which span 1949-2002 at 10-day intervals, are shown
as the black curves in Figure 3 with the red curves
showing the decadal variations that were obtained by
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Figure 3. Modeled (a, b, d, e) polar motion excitation and (c, f) length-of-day variations caused by
changes in oceanic currents (Figures 3a, 3b, and 3c) and bottom pressure (Figures 3d, 3e, and 3f) during
1949-2002 (black). Decadal-scale variations in these series, obtained by applying to them a low-pass
filter with a cutoff period of 6 years, are shown in red. The mean, but not the trend, has been removed

from the displayed series.

applying to the series a low-pass filter having a cutoff
period of 6 years.

4. Decadal Variations

[27] Figure 4 compares the observed decadal-scale varia-
tions in polar motion excitation and length of day (black
curves) with those caused by the sum of atmospheric winds
and surface pressure (red curves) as well as with those
caused by the sum of atmospheric winds and surface
pressure and oceanic currents and bottom pressure (blue
curves). In order to focus on the decadal variations, and
since the trend in the pole path is known to be largely
caused by glacial isostatic adjustment, a mean and trend
have been removed from all the series displayed in Figure 4.
As expected, because of the dominance of processes acting
between the core and mantle in causing decadal length-of-

day variations, the variations caused by the atmosphere and
oceans is much smaller than those observed (Figure 4c).
While the observed peak-to-peak variations in the length
of day on decadal timescales during 1956—2002 are about
2.2 ms, the peak-to-peak variations caused by the sum of
all the modeled atmospheric and oceanic processes are
only about 0.3 ms, or about 14% of the observed varia-
tions, with atmospheric winds (not shown) being the major
contributor.

[28] Figures 4a and 4b show that atmospheric and oceanic
excitation of polar motion on decadal timescales during
1949-2002 is also much smaller than that observed. While
the observed peak-to-peak variations in the x and y compo-
nents of polar motion excitation on decadal timescales
during 1949-2002 are about 45 mas and 60 mas, respec-
tively, the peak-to-peak variations caused by the sum of all
the modeled atmospheric and oceanic processes are only
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Figure 4. Observed (a, b) polar motion excitation and
(c) length-of-day wvariations (black curves), variations
caused by the modeled atmospheric winds and surface
pressure (red curves), and variations caused by the sum of
the modeled atmospheric winds, surface pressure, oceanic
currents, and bottom pressure (blue curves) on decadal
timescales. The atmospheric surface pressure term is that
computed assuming the oceans respond as an inverted
barometer to the imposed surface pressure variations. The
trend has been removed from all series. For clarity of
display, the curves have been shifted vertically so that they
do not overlap with each other.
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about 9 mas and 23 mas, or about 20% and 38% of the
observed variations, respectively.

[20] Power spectra and coherence magnitude and phase of
the observed, atmospheric, and sum of atmospheric and
oceanic polar motion excitation functions are shown in
Figure 5. The atmospheric excitation function includes the
contributions of both wind and surface pressure variations
where the response of the oceans to the surface pressure
changes is assumed to be that of an inverted barometer. The
oceanic excitation function includes the contributions of
both currents and ocean bottom pressure variations. The
spectra have been computed by the multitaper method
[Percival and Walden, 1993] using a resolution bandwidth
of 2fz, where fz = 1/NAt is the fundamental, or Rayleigh,
frequency with N being the number of samples in the time
series (1960), Az being the sampling interval (10 days), and
hence VAt being the length of the time series (54 years). A
simple unweighted average of the resulting first 3 eigen-
spectra was then formed to obtain the spectra shown in
Figure 5a. The coherence and phase estimates shown in
Figures 5b and 5c, respectively, were obtained by averaging
over 11 frequency intervals and the 95% and 99% confi-
dence limits of the squared magnitude of the coherence are
indicated by the horizontal dashed lines in Figure 5b. Only
the low-frequency portion of the spectra and coherence
magnitude and phase are shown in Figure 5.

[30] As shown in Figure S5a, better agreement with the
observed power at frequencies less than 3 cpy is obtained
when the effects of oceanic current and bottom pressure
variations is added to that of atmospheric wind and surface
pressure changes, although discrepancies still remain,
particularly at retrograde frequencies. Large discrepancies
in power also exist at frequencies near 0 cpy, indicating
that atmospheric and oceanic processes do not have
enough power to excite decadal-scale polar motion varia-
tions to their observed level. At the very lowest frequen-
cies, Figure 5b shows that the modeled atmospheric and
oceanic excitation functions are just barely significantly
coherent with the observed excitation, but Figure 5¢ shows
that at these lowest frequencies the modeled and observed
excitation functions are nearly 180° out of phase.

5. Evaluation of Observed and Modeled Series
5.1. Optical Astrometric Measurements

[31] The polar motion excitation observations used in this
study are from an extended version of the COMB2002
combined Earth orientation series. Polar motion measure-
ments from the accurate space-geodetic techniques do not
regularly contribute to this series until the start of the
LAGEOS satellite laser ranging data set in 1976 (although
lunar laser ranging measurements from the McDonald
station start earlier than this, they are not of UT1 and polar
motion, but are rather of UTO and variation of latitude).
Prior to 1976, the extended COMB2002 polar motion
excitation series is based upon less accurate optical astro-
metric measurements, with the Hipparcos series of Vondrdik
et al. [1998] being used from 1948 to 1961 and the BIH
series of Li and Feissel [1986] being used from 1962 to
1981 [Gross, 2003].

[32] While the accurate space-geodetic polar motion
measurements are free of systematic error, the less accurate
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Figure 5. (a) Power spectral density (psd) estimates in decibels (dB) of the observed polar motion
excitation variations during 1949-2002 (black curve), of the variations due to atmospheric wind and
surface pressure changes (red curve), and of the variations due to the sum of wind, surface pressure,
oceanic currents, and ocean bottom pressure changes (blue curve). (b) Squared magnitude of the
coherence and (c) the phase, respectively, between the observed variations and either the variations due to
atmospheric wind and surface pressure changes (red curves) or the variations due to the sum of wind,
surface pressure, oceanic currents, and ocean bottom pressure changes (blue curves). The retrograde
component of polar motion excitation is represented by negative frequencies, the prograde component by
positive frequencies. The horizontal dashed lines in Figure 5b indicate the 95% and 99% confidence
levels of the magnitude of the squared coherence. A mean, a trend, and variations at the annual (1 cpy),
semiannual (2 cpy), and terannual (3 cpy) frequencies have been removed from the data sets prior to
spectral and coherence estimation.
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optical astrometric measurements are not. In fact, prior to
being assimilated into COMB2002 and its extension, the
annual terms of the BIH and Hipparcos optical astrometric
series were adjusted to agree in amplitude and phase with
that of the space-geodetic series used in COMB2002
[Gross, 2003] in order to correct for systematic, seasonally
varying effects that are known to be present in optical
astrometric measurements.

[33] Such systematic errors may corrupt more than just
the seasonal signals. Gross and Vondrdk [1999, Figure 1]
compared the decadal variations evident in the International
Latitude Service (ILS), Hipparcos, and SPACE96 polar
motion series. Since the ILS optical astrometric measure-
ments were used in generating the Hipparcos series, the
decadal variations evident in these two series were found by
them to be in reasonably good agreement with each other.
However, they found little agreement between the decadal
polar motion variations evident in the SPACE96 combined
space-geodetic series with those evident in either the ILS or
Hipparcos optical astrometric series. The decadal polar
motion variations of the SPACE96 series were of smaller
amplitude and had a different phase than did those of either
the ILS or Hipparcos series. This discrepancy between the
decadal polar motion variations evident in the less accurate
ILS and Hipparcos series with those evident in the highly
accurate SPACE96 series raises serious concerns about the
reality of the decadal variations exhibited by the ILS and
Hipparcos optical astrometric series, and hence about the
reality of the decadal variations exhibited prior to 1976 in
the extended COMB2002 polar motion excitation series.

[34] In view of this concern about the accuracy of the
decadal polar motion variations evident in optical astrome-
tric measurements, comparisons of modeled and observed
variations should be restricted to just the time period
spanned by the space-geodetic measurements, that is, after
about 1976. Figures 4a and 4b show that the modeled polar
motion excitation variations have a much smaller amplitude
than do the observed variations during 19762002, just like
they do during 1949-2002. While the observed (black
curves) peak-to-peak variations about the best fitting trend
in the x and y components of polar motion excitation on
decadal timescales during 1976—2002 are about 25 mas and
30 mas, respectively, the peak-to-peak variations about the
trend caused by the sum of all the modeled atmospheric and
oceanic processes (blue curves) are only about 7 mas and
4 mas, or about 28% and 13% of the observed variations,
respectively. So, even though the observed polar motion
excitation functions become more accurate after 1976,
there is still very little agreement on decadal timescales
with the modeled variations. This lack of agreement
between the modeled and observed polar motion excitation
series on decadal timescales during 1976—2002 is consis-
tent with the results of Gross et al. [2003], who found
little agreement during 1980—2000 between the observed
decadal polar motion excitation variations and those mod-
eled by atmospheric and oceanic processes, with the power
of the modeled variations being much less than the power
of the observed variations.

5.2. Ocean Models

[35] The oceanic angular momentum series used in this
study is from a near-global ocean model forced by NCEP/
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NCAR surface fluxes during 1949-2002. As mentioned
earlier, a novel aspect of the configuration of this ocean
model is the use of lopped cells, which are meant to
improve the representation of the bottom topography and
hence the accuracy of the modeled ocean bottom pressure
fields and thus the accuracy of the angular momentum due
to changes in ocean bottom pressure. In order to evaluate
the impact of lopped cells on the accuracy of the modeled
oceanic angular momentum, this and two other OAM series
are compared in Figure 6 to observed polar motion excita-
tion functions from which atmospheric effects have been
removed using the NCEP/NCAR reanalysis AAM series.
The two other OAM series used in this comparison are
another simulation series similar to the 50-year series used
here but which is from a model that did not use lopped cells,
and a data assimilative series that is from a model that also
did not use lopped cells. The other simulation series, whose
series designator is c20010701 but which is denoted as the
20-year series in Figure 6 and which is the same series as
that studied by Gross et al. [2003], is from an ocean
model that has the same spatial resolution and forcing as
the 50-year series studied here, but that does not use
lopped cells and that extends only from 74°S to 74°N
latitude. The data assimilative series, whose series desig-
nator is kf049f and which is denoted as the assimilative
series in Figure 6, is from an ocean model that has the
same model configuration and forcing as the 20-year series
but that is also constrained by altimetric measurements of
sea surface height and by expendable bathythermograph
(XBT) data. Since the data assimilative series begins in
1993 with the start of the TOPEX/Poseidon sea surface
height measurements, the comparisons shown in Figure 6
are for the time interval 1993—-2001. Like the 50-year series,
the 20-year and data assimilative OAM series were cor-
rected for Boussinesq effects, were converted to equivalent
polar motion excitation functions, and 10-day averages of
their daily values were formed in order to make them
consistent with the 50-year series.

[36] Power spectra and coherence magnitude and phase
of the observed nonatmospheric polar motion excitation
series and the three modeled oceanic excitation series are
shown in Figure 6. Not surprisingly, the data assimilative
oceanic excitation series (green curves) generally agrees
best with the observed nonatmospheric excitation, espe-
cially at retrograde frequencies. The 50-year (red curves)
and 20-year (blue curves) series show similar agreement
with the observed nonatmospheric series except at seasonal
frequencies where the 50-year series is in much better
agreement with the observations than either the 20-year or
even the data assimilative series. At frequencies of £1 cpy,
the S50-year series is in closest agreement with the
observed nonatmospheric excitation series, showing the
best agreement in both power and coherence. Thus the use
of lopped cells, along with the slightly greater poleward
extent of the model, greatly improves the accuracy of
the modeled oceanic angular momentum at seasonal
frequencies.

[37] Comparing results for the two simulations and the
data assimilative series in Figure 6b shows that when data
is used to constrain the model the greatest improvement
in the coherence between the OAM and the observed
nonatmospheric polar motion excitation functions occurs
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Figure 6. (a) Power spectral density (psd) estimates in decibels (dB) computed by the multitaper
method of observed polar motion excitation variations during 1993—-2001 from which the effects of
atmospheric winds and surface pressure have been removed using the NCEP/NCAR reanalysis AAM
series (black curve), the variations due to the 50-year oceanic excitation series (red curve), the 20-year
oceanic excitation series (blue curve), and the data assimilative oceanic excitation series (green curve).
(b) Squared magnitude of the coherence and (c) the phase, respectively, between the observed
nonatmospheric polar motion excitation variations and the variations due to the 50-year (red curves),
20-year (blue curves), and data assimilative (green curves) oceanic excitation series. The retrograde
component of polar motion excitation is represented by negative frequencies, the prograde component
by positive frequencies. The horizontal dashed lines in Figure 6b indicate the 95% and 99% confidence
levels of the magnitude of the squared coherence. Variations at the annual (1 cpy), semiannual (2 cpy),
and terannual (3 cpy) frequencies have not been removed from the data sets prior to spectral and
coherence estimation.
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Figure 7. (a, c¢) Correlation between the observed and modeled polar motion excitation functions and
(b, d) the percentage of the observed excitation variance explained by the modeled excitation in 4-year-
long, nonoverlapping windows from 1950 through 2001 where the excitation functions are treated as
being complex valued. A mean and trend has been computed and removed from the values within each
window before computing the correlation and variance explained. In addition, the results shown in
Figures 7c and 7d were obtained by also computing and removing a seasonal cycle from the values within
each window. A negative variance explained in Figures 7b and 7d is obtained when the variance increases
upon removing the modeled excitation from the observed. The AAM series (black asterisks) is the sum of
the excitation due to winds and surface pressure where that due to the surface pressure has been computed
by assuming that the oceans respond as an inverted barometer to the imposed pressure variations. The
sum of the modeled atmospheric and the 50-year (red crosses), 20-year (blue pluses) and data assimilative
(green circles) oceanic excitation series is the sum of the excitation due to winds, inverted barometer
surface pressure, currents, and ocean bottom pressure.

at retrograde frequencies. In particular, the 20-year and
50-year simulation series have asymmetries in coherence
with respect to prograde and retrograde frequencies, with
the coherence at retrograde frequencies being noticeably
lower than that at prograde frequencies. By comparison,
the data assimilative series shows improved coherence at
retrograde frequencies, so much so that similar coherence
is achieved at retrograde and prograde frequencies.

5.3. Temporal Evolution of Excitation

[38] The accuracy of the observed polar motion excita-
tion series used here improves with time as measurements
from the more accurate space-geodetic techniques sup-
plant the less accurate optical astrometric measurements.
While the models of the atmospheric and oceanic analysis
systems used here have been frozen, the accuracy of the
modeled atmospheric and oceanic excitation series can
also be expected to improve with time due to improve-

ments in the accuracy, number, and type of measurements
that are being assimilated into the models and, in the case
of the oceanic excitation series, due to improvements in
the accuracy of the atmospheric fields that are used to
force the ocean model. This improvement in the accuracy
of the observed and modeled polar motion excitation
series can be expected to lead to improvements in the
agreement between the series. The temporal evolution of
the agreement between the observed and modeled polar
motion excitation series is studied here by computing
the correlation between the series and the percentage of
the observed variance explained by the modeled series in
4-year-long, nonoverlapping windows from 1950 through
2001.

[39] As seen in Figure 7a, the correlation between the
observed and the sum of atmospheric wind and inverted
barometer pressure excitation series (black asterisks)
becomes significant at the 99% level only after 1976.
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Figure 7b shows that except for 1960, removing the
modeled excitation from the observations reduces the
variance only after 1972. Adding the sum of oceanic
current and bottom pressure excitation to atmospheric
wind and surface pressure excitation is seen to substan-
tially improve both the correlation and the amount of the
observed variance explained by the modeled series. The
sum of the atmospheric and the 50-year (red crosses) and
20-year (blue pluses) oceanic excitation series show sim-
ilar agreement with the observations, with the best agree-
ment being obtained, as expected, with the sum of the
atmospheric and the data assimilative oceanic excitation
series (green circles).

[40] Similar results are obtained when the seasonal cycle
is first removed from each 4-year-long window by least
squares fitting and removing periodic signals with frequen-
cies of 1 cpy, 2 cpy, and 3 cpy. Figure 7c shows that the
correlation between the observed and modeled nonseasonal
excitation becomes significant at the 99% level only after
1972, with Figure 7d showing that removing the modeled
nonseasonal excitation from the observations reduces the
variance only after 1980. Adding oceanic excitation to
atmospheric substantially improves the agreement of the
modeled nonseasonal excitation with the observations, with
the best agreement again being obtained with the data
assimilative oceanic series.

[41] The marked improvement shown in Figure 7 of the
agreement between the observed and modeled polar
motion excitation series starting in the mid to late 1970s
is probably due to improvements in the accuracy of both
the observed and modeled series. As discussed above,
accurate polar motion measurements from the space-geodetic
techniques became available in 1976, leading to more
accurate polar motion excitation observations. In addition,
the satellite era of global weather observing systems
began in 1979 when global temperature soundings from
satellites were first introduced [Kistler et al., 2001]. This
led to a substantial increase in atmospheric data coverage,
particularly in the southern hemisphere, and thus to a
substantial increase in the accuracy of the atmospheric
fields that are used to both compute atmospheric angular
momentum and to force the ocean model used to compute
oceanic angular momentum. Improvements like these in
both the observed and modeled excitation series have led
to the remarkable level of agreement seen in Figure 7
between the observed and modeled polar motion excita-
tion series since 1984, with correlations as great as 0.88
and with as much as 75% of the observed variance being
explained by the sum of the modeled atmospheric and
oceanic excitation.

6. Discussion and Summary

[42] Atmospheric and oceanic excitation of decadal-
scale Earth orientation variations during 1949-2002 has
been studied here using an atmospheric angular momen-
tum series computed from the NCEP/NCAR reanalysis
project and an oceanic angular momentum series com-
puted from a near-global ocean model that was forced
by surface fluxes from the NCEP/NCAR reanalysis
project. As expected, the contribution of atmospheric
and oceanic processes to exciting length-of-day variations
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on decadal timescales is minor, amounting to only 14%
of the observed peak-to-peak variations during 1956—
2002. More surprisingly, it has also been found that
atmospheric and oceanic processes are unable to excite
decadal polar motion variations to their observed level,
amounting to only 20% (x component) and 38%
(v component) of the observed peak-to-peak variations
during 1949-2002, with the modeled and observed varia-
tions being 180° out of phase. This result indicates that
redistribution of mass within the atmosphere and oceans
cannot be the main excitation source of decadal polar
motion variations.

[43] Interactions between the fluid outer core and mantle
also appear to be ineffective in exciting decadal polar
motion variations. Electromagnetic coupling between the
core and mantle appears to be 2—3 orders of magnitude too
weak [Greff-Lefftz and Legros, 1995] and topographic
coupling appears to be too weak by a factor of three to
ten [Greff-Lefftz and Legros, 1995; Hide et al., 1996; Hulot
et al., 1996]. In addition, the modeled decadal polar motion
variations resulting from these studies show little agreement
in phase with the observed variations.

[44] However, Dumberry and Bloxham [2002] have re-
cently shown that a tilt of the inner core with respect to the
mantle of only 0.07°, perhaps caused by an electromagnetic
torque acting on the inner core, would generate gravitational
and pressure torques on the mantle strong enough to excite
decadal polar motion variations having amplitudes as large
as those observed and, like the observed variations, having a
preferred direction of motion.

[45] Alternatively, nonsteric sea level height change due
to glacier and ice sheet mass change may also be effective
in exciting decadal polar motion variations. Wilson [1993]
noted that an oscillation in global sea level on decadal
timescales would excite decadal polar motion variations
with a polarization similar to that observed, implying that
mass change of the oceans is responsible for exciting the
observed decadal polar motions. Here it has been shown
that redistribution of mass within the oceans do not excite
decadal polar motions to their observed level. However,
the ocean model used in this study was not forced by mass
changes associated with precipitation, evaporation, or
runoff from rivers including that from glaciers and ice
sheets, and hence has a constant total mass. So, this study
does not address the question of the excitation of decadal
polar motion by processes that change the total mass of
the oceans, such as nonsteric sea level height change
associated with glacier and ice sheet mass change. As
mentioned earlier, using a climate model, Celaya et al.
[1999] showed that changes in Antarctic snowpack are
capable of inducing decadal polar motion variations of
nearly the same amplitude as that observed. Realistic
estimates of mass change in glaciers and the Antarctic
and other ice sheets, along with estimates of the accom-
panying nonsteric change in sea level, are required to
further evaluate this possible source of decadal polar
motion excitation.
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